Introduction
Prokaryotic reproduction generates clonal, genetically identical populations where variability is only introduced by random mutations. Various processes, collectively referred to as horizontal gene transfer (HGT) are thus used for lateral exchange of genetic information between cells and the generation of increased variability. HGT promotes high levels of genomic plasticity in bacteria, allowing adaptation to various stressors and accelerated evolution. In particular, the rapid HGT-mediated spread of antibiotic resistance and vaccine escape is a major worldwide threat for public health (Cars et al., 2008; RaskAndersen et al., 2011; Laxminarayan et al., 2013) .
Among the various HGT processes, natural genetic transformation allows the acquisition of extracellular DNA without a carrier phage vector or conjugative pili. The process is widely used in the bacterial domain of life, and more than 70 bacterial species have been confirmed as naturally transformable (Johnston et al., 2014b) . For natural transformation to occur, bacteria must develop a highly regulated physiological state called competence, during which a specific set of proteins designated as the transformasome, is specifically expressed (Claverys et al., 2009) . The transformasome proteins drives the binding and uptake of extracellular DNA and the subsequent integration of that DNA into the genome (Claverys et al., 2009; Johnston et al., 2014a) .
Natural transformation is central to the physiology and virulence of many pathogenic bacteria (Claverys et al., 2009; Johnston et al., 2014a Johnston et al., , 2014b . In the major human pathogen Streptococcus pneumoniae (S. pneumoniae), competence is induced in biofilms or by sublethal doses of some antibiotics, and can thus contribute to the lateral spread of antibiotic resistance by transformation Marks et al., 2012; Johnston et al., 2014a) . Similarly, the process allows pneumococci to switch capsular serotype, promoting evasion from existing vaccines (Croucher et al., 2011) . Finally, in S. pneumoniae, transformation could act as an analogue of the SOS DNA damage response system, promoting genomic repair under various stresses . In S. pneumoniae, many components of the transformasome have been identified and their roles demonstrated or predicted. Typically, the transformasome components are grouped in three structural and functional entities: the transformation pilus, the DNA uptake apparatus and the homologous recombination apparatus.
On competence induction, a type IV pili-like transformation pilus is expressed on the cell surface. This appendage is proposed to serve as an initial 'trap' for exogenous DNA that guides the polynucleotide chain to the uptake apparatus (Laurenceau et al., 2013; . The sequence-nonspecific DNA receptor, ComEA, is then proposed to direct the transforming DNA to the ComEC membrane transporter, with simultaneous conversion to ssDNA by the competence-related extracellular endonuclease EndA (Berge et al., 2002; . Immediately after its entry through ComEC, internalised ssDNA would either be protected by single-strand binding protein SsbB to form a DNA reservoir, or prepared for RecA-mediated homologous recombination (Johnston et al., 2014a) .
Interestingly, naturally transformable Gram-positive bacteria appear to specifically express a 50 kDa protein, ComFA, as part of their transformasomes. Although this protein has been described as one of the most important proteins for DNA uptake (Londono-Vallejo and Dubnau, 1994a) , little is known about its exact functional role or network of interactions within the transformasome. At the sequence level, ComFA can be divided into three conserved domains. At its N-terminus, ComFA contains a potential C 2 -C 2 zinc finger domain (Chilton et al., 2017) , followed by a potential DEAD-box helicase-like module and a predicted helicase C domain at the C-terminus. Mutations in the conserved ATPase Walker A and B motifs found in the DEAD-like domain impair DNA uptake in Bacillus subtilis (Londono-Vallejo and Dubnau, 1994b; Chilton et al., 2017) . Colocalisation and FRET studies performed in B. subtilis place ComFA at the crossroads between the DNA uptake and homologous recombination processes (Kramer et al., 2007; Kaufenstein et al., 2011) . Indeed, on one side, ComFA colocalises with both ComGA and ComEC (Kramer et al., 2007) , which are components of the transformation pilus assembly machinery and DNA uptake system respectively. On the other side, many potential interactions have been proposed to occur with RecA, DprA, SsbB and CoiA, all possible or confirmed members of the DNA recombination system (Hahn et al., 2005) . Although direct interactions have not been demonstrated, such predictions have led to the model that ComFA might function in conjunction with other proteins of the transformasome as a DNA translocase and/ or helicase, using the energy of ATP hydrolysis to power DNA uptake.
Studies on ComFA have been largely impaired by the difficulty to purify a stable and active protein. Therefore, all the functional traits inferred from its sequence and in vivo studies on possible interactions with other transformasome components have been deduced from indirect observations and have not been orthogonally confirmed or further characterised. In this study, we purified a stable and active ComFA and provide its first biochemical characterisation in vitro. We find that purified ComFA can oligomerise and that it binds to ssDNA to exhibit ssDNA-stimulated ATPase activity. Using a bacterial two-hybrid assay and biochemical approaches, we confirmed in cellulo ComFA oligomerisation and show that ComFA physically interacts with the second protein coexpressed from the comF operon during competence, ComFC, as well as with the recombination-related protein DprA (Mortier-Barriere et al., 2007) . Finally, we show that both ComFC and ComFA are essential for transformation in S. pneumoniae, which further substantiates this protein duo playing an important role at the crossroads of DNA uptake and homologous recombination.
Results

ComFA is structurally homologous to SF2 DEAD domain helicases
No structure of a ComFA-like protein is available in the literature, so we utilised homology-based in silico analyses to obtain a structural model for each domain of the protein. Interpro or Prosite (de Castro et al., 2006; Finn et al., 2017) predict two domains in ComFA. The first domain includes residues 91-277 which exhibit homology to superfamily 2 DEAD-domain helicases (SF2 DEAD domain) (Fairman-Williams et al., 2010) , whereas residues 289-432 are predicted to fold into a helicase C domain at the C-terminus of the protein (referred as the HelicC domain) (Fig. 1A) . A template search in Swissmodel (Biasini et al., 2014) for this dual-domain portion of ComFA (residues 91-432) identifies the yeast mitochondrial RNA helicase Mss116p as the closest homolog (PDB: 3sqx; 23% identity, 41% similarity). The Mss116p helicase was crystallised in the presence of the non-hydrolysable ATP homolog AMP-PNP and single strand RNA. Sequence alignments show that the ATP-binding site, and in particular the canonical Walker A and Walker B motifs, are strictly conserved in ComFA (Fig. 1B) . This template was used to generate a structural model of this portion of ComFA using Swissmodel. When the N-terminal portion (1-109) is submitted to Interpro and Prosite, C 2 -C 2 zinc finger domains (Klug and Rhodes, 1987) are clearly identified as structural homologous. Interestingly, the closest structural homolog is the reverse gyrase from Thermotoga maritima (PDB: 4ddt), in which the domain is linked by a long alpha helix to a DEAD helicase domain of similar sequence to comFA. The model for the ComFA Nterminal domain (1-109) was obtained using the reverse gyrase as a template using Swissmodel (Fig. 1C) . A proposed complete ComFA structural model containing all three domains is shown as a composite made from the two independent models (Fig. 1D ).
ComFA N-terminal domain is intrinsically unfolded but binds zinc
The N-terminal domain of ComFA is a peculiar feature. Usually superfamily 2 DEAD-domain helicases do not contain such a domain at this location. We purified the ComFA N-terminal domain (ComFA NTD ; residues 1-72) to high concentration and purity by heterologous overexpression in an attempt to gain experimental structural information. ComFA NTD was purified by a two-step procedure involving metal-affinity chromatography, removal of the affinity tag, followed by size exclusion chromatography (see Experimental Procedures). Attempts to solve the structure of the N-terminal domain alone were unsuccessful and further in silico analyses revealed that the domain is predicted to be intrinsically disordered overall (Xue et al., 2010) . Indeed, the NMR spectrum contains features consistent with intrinsically disordered domains, as evidenced by the unresolved peaks of the 15 N-1 H 2D NMR spectrum ( Fig. 2A) . The narrow spectral ranges and overlaps are typical for intrinsically disordered proteins like Tau and BASP1 (Harbison et al., 2012; Konrat, 2014) . The amino acids associated with disordered regions (E, K, R, G, Q, S, P and A) are overrepresented within this domain, constituting nearly half of this region (35 of 72 amino acids) (Delaglio et al., 1995; Romero et al., 2001; Profrock and Prange, 2012; Lee et al., 2015) . Given the potential metal binding site formed by the four cysteines at the N-terminus, ComFA NTD was purified without any addition of metals and submitted for ICP-MS analysis. The results identified that the predominant metal bound by the N-terminal region of ComFA is zinc (Fig. 2B) , thus confirming the predicted presence of a Zn-coordinating motif (see above) (Chilton et al., 2017) . The molar ratios are consistent with roughly one metal per two domains (292 mM zinc in a 25 ml sample 5 7.3 nmol zinc in 18.6 nmol protein).
ComFA is a DNA-dependent ATPase
To evaluate the properties of the full length ComFA protein, the pneumococcal full-length comFA gene was expressed using the same expression strategy as described for the ComFA NTD . The size exclusion elution profile is characterised by a pronounced peak in the void volume of the column followed by two major peaks. This shows that ComFA can be found in different oligomeric states (Fig. 3A) consistent with the calibrated molecular weights of monomeric and dimeric Fig. 1 . In silico analysis of ComFA structure. A. Domain predictions of ComFA. The functional DEXD box domain a subfamily of DEAD box domain is highlighted in blue (family cd0009). The C-terminal domain highlighted in green is the predicted helicC domain (family cd00046; Kim et al., 1998) . The N-terminal zincfinger domain is shown in orange with the four cysteines predicted to be involved in zinc binding. B. Predicted structure of the ATP-binding site of ComFA. C. Predicted structure of the N-terminal domain of ComFA. D. ComFA predicted three-dimensional structure based on two-homology model. species. The monomer and dimer peak exhibited similar ATPase activities and each redistributed into the same two peaks when rerun separately on size exclusion, so we pooled these fractions for subsequently described experiments.
One of the key characteristics of helicase proteins, including DEAD-box helicases, is their use of ATP as a source of energy for helicase activity (Singleton et al., 2007) . This ATPase activity frequently depends on the presence of the protein's substrate. We next used the purified protein to test activity. ComFA exhibits ATPase activity that is strongly stimulated by the presence of single-stranded DNA (Fig. 3B ). More importantly, this stimulation appears to be ssDNA-specific, as ATPase activity in the presence of double-stranded DNA (dsDNA) is not significantly greater than that of ComFA without added nucleic acid (Fig. 3B ). We also measured activity of a ComFA Walker B mutant at position 205 (hereafter referred to as ComFA D205A ), which is predicted to be compromised for ATP hydrolysis. Indeed, even in the presence of ssDNA, ComFA D205A has low
ATPase activity resembling that of wild-type ComFA in the absence of added ssDNA (Fig. 3C ). The DNAstimulated ATPase activity of ComFA is dependent on the concentration of DNA (Fig. 3D ).
We next examined the DNA binding characteristics of the purified ComFA. To this end, we used an electrophoretic mobility shift assay (EMSA) Fig. S1 ).
ComFA interacts with ComFC and DprA
ComFA is typically presented as a member of the DNA uptake apparatus. While this protein is indeed essential to DNA incorporation into the bacterial cytoplasm (Londono-Vallejo and Dubnau, 1994a; Berge et al., 2002) , it has been proposed that this protein also has functional interactions with downstream members of the transformasome. So far, interactions within the transformasome components have been studied by indirect methods monitoring the colocalisation or stability of the proteins in various genetic contexts (Hahn et al., 2005; Kramer et al., 2007) . To provide molecular insights into the network of direct interactions of ComFA with other cytosolic transformasome components, we performed a Bacterial Two-Hybrid (BacTH) screen (Karimova et al., 1998) . In total, 40 combinations were tested (Fig. 4A ).
The results show that ComFA interacts with itself (thus confirming the protein's oligomerisation), with DprA, and with ComFC in the BacTH system. Both interactions were confirmed biochemically by co-expressing the partners in Escherichia coli and purifying the complex by A. 2D 15 N-1 H TROSY-HSQC spectrum of purified ComFA Nterminal domain. Spectrum was recorded at 298 K in 20 mM TrisHCl, pH 8.0 buffer containing 300 mM NaCl, 0.3 mM TCEP and 8% D 2 O. Spectrum was collected on 600 MHz ( 1 H) Bruker BioSpin (Billerica, MA) NMR spectrometer. If the structure was intrinsically ordered, one would observe distinct points in the centre of the spectrum, corresponding to each amino acid residue. The large degree of overlap of peaks in the centre indicates a disordered structure. Inset shows the SDS-PAGE analysis of the concentrated protein in 12% gel. Band corresponding to putative monomer is labelled as NMR. Molecular weight markers (MW) are labelled in kDa. B. Trace metal analysis. Protein was analysed for trace metal content at Trace Element Clean Lab, located at Wisconsin State Laboratory of Hygiene. Inset shows the SDS-PAGE analysis of the concentrated protein (lane TMR) in 12% gel, corresponding to putative oligomer. The protein preparation was estimated at 90% homogeneity. Molecular weight markers (MW) are labelled in kDa. affinity chromatography (Fig. 4B ,C, Experimental Procedures). The isolated ComFA-ComFC complex (Fig. 4B ) was further visualised by negative stain electron microscopy. Class averages revealed that the ComFA-FC complex forms ring shaped objects of about 150 Å in diameter (Fig. 4D ). These rings appear to display sixfold symmetry.
We show above that the ComFA NTD binds zinc. The ComFC NTD is also predicted to contain zinc finger domain (Sysoeva et al., 2015) . Since zinc finger domains can be involved in protein-protein interactions, we performed a BacTH assay with sub-domains from both proteins. We separated the N-terminal and C-terminal fragments of ComFA and ComFC (Com-FA NTD 5 residues 1-72; ComFC NTD 5 1-93 Com-FA CTD 5residues 73-432; ComFC CTD 594-220; Fig. 5A ).
Our results show that ComFA oligomerises through its C-terminal portion (Fig. 5B) and therefore, the first 72 amino acids of ComFA are not necessary for this protein association. A previous study (Londono-Vallejo and Dubnau, 1994a) showed that the protein interaction domain was located between the residues 27 and 140. In conjunction with our data, this suggests that the site of protein-protein interactions falls between residues 73 and 140. ComFC appears to oligomerise with itself through its C-terminal domain (Fig. 5B) . However, we could not pinpoint a specific sub-fragment that interacts with ComFA. It is thus likely that the two subdomains participate in a cooperative manner in ComFA-ComFC complex formation.
ComFC is essential for bacterial transformation in S. pneumoniae
ComFC is perhaps one of the most enigmatic members of the tranformasome. This protein is strictly conserved in all transformable Gram-positive (Londono-Vallejo and Dubnau, 1993) and Gram-negative bacteria (Larson and Goodgal, 1992; Seitz and Blokesch, 2013) . At the sequence level, domain prediction servers such HHpred (Soding et al., 2005) identify a phosporibosyltransferase domain in its C-terminal portion (residues 51-219). Its N-terminal portion (residues 1-50) contains the signature of a C 2 -C 2 zinc finger domain. While it is A. Gel filtration profile with the Superdex200. Elution profile of ComFA shown with the calibration of the column (ovalbumin 43 kDa, aldolase 158 kDa, ferritin 440 kDa). Peak 1 is the putative oligomeric entity, while peak 2 is the putative monomeric entity. Inset: SDS-PAGE stained with Coomassie blue of ComFA purified and the molecular weight markers (MW) labelled in kDa. B. ATPase activity of wild type protein (100 pM -1 nM) was evaluated using a NADH-coupled 96-well plate assay with and without 10mM single-stranded DNA (ssDNA; 50 polyT) or 10 mM double-stranded DNA (dsDNA; 50 base pairs) as indicated. 'No DNA' n 5 10, 'ssDNA' n 5 3, dsDNA n 5 2. C. ATPase activity of wild type protein (WT) and Walker B mutant (D205A) protein was evaluated without substrate and with ssDNA (50 polyT sequence). 'ComFA no DNA' n 5 8; 'ComFA ssDNA' n 5 3; 'D205A no DNA' n 5 3; 'D205A ssDNA' n 5 3. Error bars represent standard deviation. Statistical analysis for ATPase assays was performed using SPSS. An ANOVA was utilised for most comparisons. The assumption of homogeneity of variances was not met, so a Welch's t test was used, and post hoc comparisons were made using the Games-Howell. *p < 0.05. D. Dose response curve of ComFA ATPase activity with varying concentrations of 50 polyT oligo. E,F. Typical example of an EMSA with wild type ComFA (E) and D205A (F). Varying concentrations of ComFA purified in the absence of added nucleotide were incubated with 5 nM oligo oHF150 labelled with Cy5 (Supporting Information Table S3 for sequence) at room temperature for 15 min then loaded onto a 5% acrylamide non-denaturing gel. Gel was run for 1 h and 10 min at 80 V and imaged on a Typhoon imager. G. Average integrated intensity of total DNA (bound and unbound) minus integrated intensity of unbound DNA all divided by the integrated intensity of total DNA with increasing protein concentrations. Error bars indicate standard deviation. Wild Type (black circles) n 5 6; D205A (grey squares) n 5 6. clearly established that ComFC homologous found in Gram-negative bacteria are essential for transformation, (Larson and Goodgal, 1992) , its exact contribution to transformation in Gram-positive species remains to be clarified. Indeed, discrepancies are found in the literature depending on the method used to knock-out comFC gene. We generated ComFA-null or ComFC-null Streptococcus pneumoniae R6 mutants (DcomFA and (Dagkessamanskaia et al., 2004; Laurenceau et al., 2015) . Each mutant was sequenced to verify that the entire ORF was replaced by the cassette. Then we examined transformation efficiency for uptake of a different resistance-encoding DNA cassette under selection with the corresponding antibiotic (Supporting Information  Tables S1 and S2) . DcomFC leads to a decrease of transformation efficiency by 300-fold in B. subtilis (Sysoeva et al., 2015) . In contrast, we could not detect any transformation for any of the mutants in S. pneumoniae, with a limit of detection at 50 CFU ml 21 (Fig. 4E ).
These data demonstrate that both ComFA and ComFC are essential for transformation in S. pneumoniae.
To test the influence of ComFC on ComFA activity, we purified ComFC by affinity chromatography from the soluble fraction. Gel filtration chromatography revealed that a fraction of ComFC could be found in monomeric and dimeric forms in solution (Supporting Information  Fig. S2 ). These results are consistent with the BacTH results showing that ComFC can interact with itself (Fig.  4A) . ATPase activity and DNA binding characteristics of ComFA were unchanged within error when ComFC was added to the reactions (Supporting Information Fig. S3 ).
Discussion
In this study, we show that S. pneumoniae competent cells require the expression of both ComFA and ComFC to transport DNA across the membrane. Moreover, we have further defined the roles of these two critical transformasome components through interaction studies and activity assays. We demonstrated that ComFA exhibits both ssDNA-binding and ATPase activity in vitro and interacts strongly with ComFC. The EM studies of the ComFA-ComFC complex reveal a symmetry that is A. Schematic representation of the subdomains of ComFA and ComFC with the predicted domains generated by BLAST. B. BTH101 reporter cells producing the indicated N-and C-terminal domain ComFA and ComFC fused to the T18 or T25 domain grown on plates supplemented with IPTG and X-Gal. Interaction between two proteins results in a blue colour colony. Inserts labelled 1 and -refer to positive and negative control performed respectively with the plasmid pKT25-zip/pKT18-zip and pKT25/pUT18C (Karimova et al., 1998). unusual for a SF2 DEAD box helicase and thus might be promoted by ComFC. ComFC, however, neither enhances nor reduces the DNA binding or ATPase activity exhibited by ComFA, but ComFC does interact directly with the recombination protein DrpA. Therefore, we speculate that ComFC could be the missing but essential link between the two structural and functional entities of the transformasome.
Essential roles for ComFA and ComFC in DNA uptake
Here, we have shown that both ComFA and ComFC in S. pneumoniae play central roles in natural transformation. Deletion of either comFA or comFC individually or of both genes simultaneously resulted in a decrease in transformation efficiency by more than three orders of magnitude. The general importance of these genes has been described previously through independent demonstrations that comFA and comFC disruptions result in transformation defects in B. subtilis Dubnau, 1993, Sysoeva et al., 2015) . The disruption of comFC showed transformation defects to varying degrees (Londono-Vallejo and Dubnau, 1993; Sysoeva et al., 2015) , but both studies demonstrated the product of comFC was able to rescue full expression of competence in B. subtilis. Although the magnitude of the effect varies across organisms, the trend that both ComFA and ComFC are needed for full function in vivo is conserved.
ComFA is a ssDNA-stimulated ATPase
Previous attempts to produce and purify the B. subtilis ComFA yielded only a minor portion of the protein in the soluble fraction Dubnau, 1994a, Chilton et al., 2017) . This intrinsic instability seems to be conserved in S. pneumoniae as well. To increase the yield of protein, we produced the pneumococcal ComFA as a fusion with the SUMO domain, which helped to prevent aggregation during expression. ComFA ATPase activity and binding assays confirm that the protein does likely play a role in ssDNA uptake, where the interaction with the polynucleotide ligand is likely to occur through its DEAD-box helicase domain. Our data are consistent with a model in which ATP is used to power DNA translocation during uptake, a function that would be similar to that of other DEAD-domain helicases. An alternative explanation would be that the protein could use ssDNA as a cofactor to hydrolyse ATP for an unrelated function, although there is no evidence to support such a hypothetical second function. Since the hydrolysis mutant ComFA D205A displays similar ssDNA-binding properties to wild-type ComFA and wild-type ComFA can bind ssDNA in the absence of added nucleotide, it is possible that the ATPase hydrolysis cycle is needed to produce a power stroke for movement. Further detailed mechanochemical analyses will be needed to test such a hypothesis.
The N-terminal domain of ComFA Domain predictions and previous studies have identified and implicated a four-cysteine motif in the N-terminal domain as enhancing transformation activity (Sysoeva et al., 2015; Chilton et al., 2017) . Here we confirmed that the motif is bound by zinc, but that it does not appear to participate in protein-protein interactions for ComFA oligomerisation nor for interaction with ComFC. Thus the role the N-terminal domain of ComFA plays in transformation may lie in either nucleic acid interaction or interaction with an as yet unidentified protein partner.
ComFA and ComFC form a stable complex that links uptake to recombination
The bacterial two-hybrid approach provided an increased understanding of the interaction network between proteins involved in the uptake and recombination of incoming DNA. We observed that ComFA forms stable interactions with itself and with ComFC. Although ComFC addition to ComFA activity and binding assays did not have pronounced functional effects on the DNA binding and hydrolytic processes, our data indicate that ComFA and ComFC both interact with the downstream component DprA. DprA has a central role in the homologous recombination pathway dedicated to transformation, mediating the loading of the recombinase RecA on incoming ssDNA (Mortier-Barriere et al., 2007; Quevillon-Cheruel et al., 2012) . It was also shown to be involved in the shut-off of competence in S. pneumoniae (Mirouze et al., 2013) . The interaction of ComFA and ComFC with the downstream component DprA indicates that the duo, and ComFC in particular, might stabilise the uptake-to-recombination functional transition. Thus, we propose that both proteins, ComFA and ComFC, mediate the physical and functional interactions between the uptake apparatus and the homologous recombination proteins. Colocalisation and protein stability studies have fueled speculation the ComFA interacts with components of the upstream uptake machinery such as ComEC. So far, there is little evidence of a direct interaction between ComF proteins and ComEC. This could be due to the nature of ComEC, which is a large multi-domain membrane protein. For example, the negative results from the bacterial two-hybrid assay with fragments of ComEC (Supporting Information Fig. S4 ) could be due to a true ssDNA-dependent ATPase ComFA interacts with ComFC 749 lack of interaction or due to poor folding or aggregation of the ComEC fusion products. Thus, we could not address ComEC-ComFA or ComEC-ComFC interactions by this method. Full length ComEC has also proven intractable to express and purify in recombinant form to date (our unpublished data). Interestingly, ComF, a ComFC homolog in Gram-negative bacteria, is expected to interact with ComEC (Matthey and Blokesch, 2016) , whereas ComFA is not identified in these bacteria. Future studies will reveal the function of this intriguing protein complex during bacterial transformation and may shed light on why ComFA homologs are not found in Gram-negative bacteria.
Experimental procedures
Plasmid construction and protein purification. Chemically competent Escherichia coli BL21(DE3) (Life Technologies) were used for heterologous production of ComFA, ComFC or both. The genomic DNA was amplified from the stain Streptococcus pneumoniae R800 and cloned in the E. coli Top10 (Supporting Information Table S1 ) using the plasmid pET-SUMO (Life Technologies) with the restrictions enzymes BamHI and NotI for single protein and using the plasmid pET-21 (EMD Millipore) with the restrictions enzymes NdeI and NotI for the complex ComFA/ComFC (Supporting Information Table S2 ). Colonies from freshly transformed BL21(DE3) cells were grown at 378C at 180 rotation per minute (rpm) in 100 ml of Terrific broth (Croucher et al., 2011) with 100 lg ml 21 of ampicillin (Sigma-Aldrich). After 3 h, 4 l of TB were inoculated with the preculture and cultivated under the same condition. At OD 600 5 0.8, bacterial cultures were placed at 168C, 180 rpm for 30 min before protein expression induction overnight with 1 lg ml
Cells were harvested and resuspended in lysis buffer at the ratio 5 ml per gram of cells. The basic composition of this buffer is 20 mM HEPES pH 5 8; 5 mM MgCl 2 ; 0.130 mM CaCl 2 ; lysozyme (Anatrace); 1.25 lg ml
21
DNAse; protease inhibitor cocktail (Roche); 1 mM tris(2-carboxyethyl)phosphine (TCEP) and NaCl at a concentration of 70 mM for complex purification or 700 mM for single protein purification. After 30 min incubation cells were lysed using a cell disruptor at 15 000 PSI, 48C. Lysate was cleared by two centrifugations 20 000 g for 15 min then 100 000 g for 30 min and passed on a TALON Metal Affinity Resin (Clontech). Elution fractions were collected and dialysed overnight in a 3 kDa pore membrane (Spectrum lab) during the C-terminal His 6 -SUMO-tag cleavage by adding 20 lg homemade Ulp1 protease. The cleaved sample was run against a NiNTA resin column and the cleaved protein in the flow through was kept and concentrated on a Millipore concentrator of different cut off, 100 kDa for the complex, 30 kDa for ComFA, 10 kDa for ComFC and 3 kDa for subdomains. The concentrated proteins were then purified by size exclusion chromatography on Superdex 75/200 (GE Healthcare) for single protein and Superose 12 (GE Healthcare) for the complex. Eluted fractions were run on SDS-PAGE and used directly for microscopy and activity assays. Colonies washed from a plate were used to inoculate 1 l of Luria-Bertani medium (Quevillon-Cheruel et al.) supplemented with 50 lg ml 21 of kanamycin (Gold Biotechnology). Bacterial culture was cultivated at 378C, 180 rpm until OD 600 reached 0.8 when cell were centrifuged at 20 000 g for 20 min at 128C, rinsed with 13 M9 salts and resuspended in a small volume of M9 minimal medium.
Overexpression
Resuspended starter culture was used to inoculate 2 l of 15 N labelling M9 medium and the growth was continued at 378C, 250 rpm for 1 h when the protein expression inducer, isopropyl b-D-1-thiogalactopyranoside (Gold Biotechnology), was added to a final concentration of 0.7 mM and the protein expression was continued at 168C, 250 rpm for 20 h. Cells were harvested and stored at 2808C until they were used.
ComFA N-terminal domain purification. E. coli cell paste from 2 l growth was suspended in 220 ml 25 mM HEPES pH 7.5, containing 700 mM NaCl, 5 mM imidazole, 5 mM MgCl 2 , 1 mM TCEP (Gold Biotechnology), 0.13 mM MgCl 2 , 1 lM protease inhibitor E-64 (SigmaAldrich) and 0.25 mM phenylmethyl sulfonyl fluoride (Gold Biotechnology) per gram of cells. The cell suspension was placed on ice/water/KCl slurry to prevent overheating and sonicated in 75 ml batches using a Branson sonicator equipped with a 13 mm probe for 18 min total processing time with a pulse sequence of 3 s on, 2 s off and amplitude set to 45%. The total cell lysate was centrifuged for 15 min at 20 000 g at 88C. The supernatant containing soluble protein fraction was transferred to new tubes, polyethylenimine (Sigma-Aldrich) was added to 0.05% and centrifuged for 30 min at 108 860 g. The supernatant, containing the soluble protein, was collected and clarified by filtration through 0.4 lm filter. An aliquot of 5 ml of cobalt IMAC resin (UBPBio) was equilibrated in 25 mM Tris-HCl, pH 8.0, containing 700 mM NaCl, 20 mM imidazole and 1 mM TCEP. The clarified supernatant containing the fusion protein was mixed with resin and incubate for 20 min with gentle shaking at 48C. The resin with bound protein was transferred to a 2.2 cm diameter plastic column and washed with 10 column volumes of equilibration buffer. The fusion protein was eluted with 4-step bump elution using equilibration buffer containing 400 mM imidazole. Each step allowed for 15 min incubation time and the elution volume for each step was 8 ml. The purity of fractions obtained from the cobalt IMAC purification was determined by 10% SDS-PAGE. Following analysis of purity the appropriate fractions were pooled and dialysed in a 3.5 kDa molecular weight cut off dialysis tubing against 1 l of 20 mM Tris-HCl, pH 8.0 buffer, containing 500 mM NaCl and 0.3 mM TCEP, and supplemented with 1 mg Ulp1 protease over-expressed from Center for Eukaryotic Structural Genomics (Madison, WI) gifted plasmid at 48C overnight. The cleaved ComFA N-terminal domain was isolated by purification on 1 ml His60 Ni Superflow column (Clontech). The His60 Ni Superflow column was equilibrated with 10 column volumes of 20 mM Tris-HCl, pH 8.0 buffer, containing 500 mM NaCl and 0.3 mM TCEP. The cleavage reaction was loaded on the column using BioRad Duo-Flow purification system and the flow-through containing cleaved ComFA N-terminal domain was collected and analysed for purity by 12% SDS-PAGE. The collected flow-through was concentrated using 3 kDa molecular weight cut off centrifugal concentrator (Millipore). Preparative gel filtration was performed using a 25 ml Superdex 75 10/300 Increase column (GE Lifesciences) and a BioRad Duo-Flow purification system. The column was equilibrated in 20 mM Tris-HCl, pH 8.0 buffer containing 300 mM NaCl and 0.3 mM TCEP. The concentrated protein sample was injected in 500 ll aliquots and fractions were collected, analysed for purity and protein concentration and appropriate fractions (corresponding to putative monomer and higher molecular weight entity) were combined and repurified on His60 Ni column as described above. The samples corresponding to the putative monomer and oligomer were concentrated as described above using 3 kDa molecular weight cut off centrifugal concentrator to final concentration of 4.93 mg ml 21 (putative monomer) and 6.33 mg ml 21 (putative oligomer).
NMR spectroscopy. The 20 mM Tris-HCl, pH 8.0 buffer containing 300 mM NaCl and 0.3 mM TCEP, used for NMR samples contained 8% D2O for the frequency lock. All NMR spectra were collected on 600 MHz (1H) Bruker BioSpin (Billerica, MA) NMR spectrometers equipped with a z-gradient cryogenic probe. All procedures were conducted at 258C. NMR-PIPE software was used to process the raw NMR data (Delaglio et al., 1995) , and NMRFAM-SPARKY (Lee et al., 2015) software was utilised to visualise and analyse the processed NMR data. Trace metal analysis. The buffer for establishing the baseline for experiment (20 mM Tris-HCl, pH 8.0 containing 300 mM NaCl and 0.3 mM TCEP) was concentrated 52 times on the 3 kDa molecular weight cut off centrifugal concentrator. 25 ll of ComFA N-terminal domain sample at 6.33 mg ml 21 (a putative oligomer:
18.6 nmol total monomer corresponds to 9.3 nmol dimer or 6.2 nmol trimer) and the concentrated sample buffer were submitted for trace metal analysis to Trace Element Clean Lab, located at Wisconsin State Laboratory of Hygiene. The protocol for detection of trace metal included solubilisation of the protein sample using tetramethylammonium hydroxide (TMAH), dilution into acid solution, and very comprehensive multi-element quantification by magnetic-sector ICPMS (SF-ICPMS) as reviewed in Pr€ ofrock and Prange (2012).
ATPase assays. ATPase activity was measured using an NADH-coupled plate assay (Gilbert and Mackey, 2000) . ComFA purified without vanadate was added at a final concentration of 5-10 nM. Substrates sequences in the Supporting Information Table S3 . To make dsDNA, primers oHF150 and oHF185 were resuspended in STE buffer (200 mM Tris-HCl, 100 mM EDTA) to a concentration of 1 mM and combined in equal parts. Mixed primers were incubated for five minutes at 958C and were then cooled to room temperature over the course of one hour in the heat block. For ssDNA, a polyT sequence 50 bases in length was used. The final concentration of primers in the ATPase assay was 10 mM, except when indicated.
DNA binding. ComFA purified without vanadate was incubated with 5 nM Cy5-labelled DNA oligonucleotides 50 bases in length for 15 min in buffer containing 2.5 mM CaCl 2 , 12.5 mM MgCl 2 , 12.5% glycerol, 10 mM Tris pH 7.5, 75 mM NaCl and 0.2 mg ml 21 Bovine Serum Albumin. 18 ml of sample was loaded onto a 5% acrylamide, nondenaturing gel and the gel was run at 80 V for one hour and ten minutes. Gel was imaged using a Typhoon imager. In the case of unlabelled DNA, 50 nM DNA strands 50 bases in length was incubated with ComFA protein of varying concentrations. Samples were loaded and run out on a gel, as described. Gel was stained with 1:10 000 dilution of Sybr Gold (Thermo Fisher Scientific) and imaged using a Typhoon imager. Integrated intensity of bands was analysed using ImageJ software.
ssDNA-dependent ATPase ComFA interacts with ComFC 751
Bacterial two-hybrid. The bacterial two-hybrid (BacTH) system was used to identify in vivo interactions between proteins interaction (Karimova et al., 1998) . The sequences encoding for the following proteins ComFA, ComFC, ComGA, DprA, RecA, SsbB were amplified by PCR (Supporting Information Table S2 ) and cloned into BamHI/ EcoRI pre-digested plasmids pUT18, pUT18C, pKNT25 and pKT25 to produce in frame fusions with T25 and the T18 coding sequences. The BTH101 strain (Supporting Information Table S1 ) was transformed with different combinations of plasmids and plated on LB plates with 100 lg ml 21 ampicillin and 50 lg ml 21 kanamycin. A colony from each combination was plated into a single LB-X-Gal medium as required by Karimova and the plates were analysed after an incubation of 2 days at 308C. Subdomains of ComFA and ComFC were determined based on the domain predictions of each protein and cloned using primers (Supporting Information Table S2 ) designed to amplified domains of interest from the fulllength plasmid.
Strain construction and transformation assay. Cells were grown at 378C under anaerobic conditions in a Casamino Acid Tryptone medium (CAT) (Poter and Guild, 1976) up to OD 600 5 0.3 for stock cultures. For competence induction, cells were grown in CAT supplemented with 0.2% glucose, 15 mM dipotassium phosphate, 3 mM sodium hydroxide and 1 mM calcium chloride. Competence was triggered by incubating cells with CSP (Competence Stimulating Peptide) (Havarstein et al., 1995) at OD 600 5 0.15 for 10 min at 378C. For transformation, DNA was then added for 20 min at 308C and transformants were selected on Columbia Agar with 5% horse Blood with antibiotics.
Three inserts comFA-; comFC-and comFA/comFC-null were made by PCR overlapping of 3 fragments (Supporting Information Table S2 ). The fragment 2 was cloned by PCR using the plasmid pR411 as template to multiply a kanamycin resistance cassette and the two others by PCR products genomic DNA of pneumococcal R6 strain as a template to get the flanking regions of the gene(s) to be knocked out. AD002; AD003; AD004 strains (Supporting Information Table S1 ) were constructed by transformation of R1501 cells with the insert of interest, followed by selection of the recombined clones with kanamycin. To confirm the deletion of the different genes DNA sequencing on individual clones was performed.
For transformation efficiency assays, 100 ll of competent bacteria were transformed by adding of 100 ng of Rlp2 (a 2 kb PCR fragment containing the streptomycin resistance gene str41). Bacteria were plated in presence and absence of streptomycin (100 lg ml 21 final concentration) and incubated at 378C overnight for colony counting.
Electron microscopy and image processing. Four microliters of ComFA/ComFC complex purified as described above (at 0,015 mg/ml) was spotted at the surface of a glow-discharged carbon-copper grids (Agar Scientific). After 1 min of absorption, the sample was blotted, washed with three drops of water and then stained with 2% uranyl acetate (Booth et al., 2011) . CCD Images were recorded manually on a FEI microscope T12 equipped of an Eagle TM 2K camera from FEI using a defocus range of 0.5-2 mm, at a nominal magnification of 50 000, yielding a pixel size of 2.1 Å . A total of 3172 particles were manually selected from 68 independent images and extracted within boxes of 180 pixels using EMAN2/BOXER (Tang et al., 2007) . The defocus value was estimated and the contrast transfer function was corrected by phase flipping using EMAN2. All 2D classification and alignments were performed using IMAGIC 4D (van Heel et al., 1996) .
